ABSTRACT To clarify the mechanism of self-sustained oscillation of the electric potential between the two solutions divided by a lipid bilayer membrane, a microscopic model of the membrane system is presented. It is assumed, on the basis of the observed results (Yoshikawa, K., T. Omachi, T. Ishii, Y. Kuroda, and K. liyama. 1985. Biochem. Biophys. Res. Commun. 133:740-744; Ishii, T., Y. Kuroda, T. Omochi, and K. Yoshikawa. 1986. Langmuir. 2:319-321; Toko, K., N. Nagashima, S. liyama, K. Yamafuji, and T. Kunitake. Chem. Lett. 1986Lett. :1375Lett. -1378, that the gel-liquid crystal phase transition of the membrane drives the potential oscillation. It is studied, by using the model, how and under what condition the repetitive phase transition may occur and induce the potential oscillation. The transitions are driven by the repetitive adsorption and desorption of proton by the membrane surface, actions that are induced by the periodic reversal of the direction of protonic current. The essential conditions for the periodic reversal are (a) at least one kind of cations such as Na' or K+ are included in the system except for proton, and the variation of their permeability across the membrane due to the phase transition is noticeably larger than that of proton permeability; and (b) the phase transition has a hysteresis. When these conditions are fulfilled, the self-sustained potential oscillation may be brought about by adjusting temperature, pH, and the cation concentration in the solutions on both sides of the membrane. Application of electric current across the membrane also induces or modifies the potential oscillation.
INTRODUCTION
Characteristic variations of cellular membrane potential play a quite important role in many kinds of cellular function, such as transduction ofstimuli, signaling, regulation, movement, and development. Although the mechanism of the potential variation has been actively investigated through various approaches, our understanding of the mechanism at the molecular level is not yet systematic enough. It has been suggested by many workers (1) (2) (3) (4) (5) (6) that the molecular mechanism is essentially based on conformation changes in the membranes. The main constituents ofthe membranes responsible for the potential changes are the proteins, such as the ion channels and receptors, and the lipid bilayers. Numerous workers have postulated (for example, reference 7) that a conformation change of the relevant proteins occurs during the membrane excitation. The membrane fluidity arising from the dynamics of lipid molecules significantly affects the cation permeability across the membrane (8) and the transmembrane potential (5, 9, 10) . These observed results suggest the importance of the contribution of the lipid bilayer to the membrane conformation change associating with the potential variation. However, the role of lipid bilayers is not yet clear compared with that of the proteins.
In this paper we are concerned about the role of lipid bilayers in the conformation change of membranes responsible for the characteristic potential variations. To make our problem clear, we choose the gel-liquid crystal phase transition as a typical conformation change and consider the self-sustained oscillation as a characteristic Address correspondence to T. Kambara. potential variation. The gel-liquid crystalline phase transition of lipid bilayers is one of the most plausible conformation changes, although so far no direct evidence supports the idea that the phase transitions are actively involved in biological processes. Numerous studies (for example, reference 11 ) have demonstrated that many organisms adjust the lipid composition of their membranes so that a small fraction oftheir membranes are in the gel phase at the growth temperature. Vaz et al. ( 12) indicated that the coexistence of gel and liquid crystalline phases in the membrane was used to realize some functions of the membranes. Trauble and Eibl (13) showed that the phase transition could be triggered by a variation in the molar ratio of mono-and divalent cation. They suggested, on the basis ofthe observed results, that the phase transitions were actively involved in the axonal membrane excitation. Blatt ( 14) also suggested, on the basis of the observation of temperature dependence of the action potential in the Nitellaflexilis, that a drastic change of the action potential with temperature arose from the lipid phase transition. DeSimone and Heck ( 15 ) suggested that the taste transduction was triggered by the phase transition of receptor membrane induced by chemical stimuli.
The more direct observations have been reported about the relation between the potential variation and phase transition in lipid bilayer membranes. Antonov et al. (16) showed that the pulse-like fluctuation of ionic current across the membranes appeared under applied voltage at the phase transition temperature of lipid bilayers. Toko et al. ( 17) found that the self-sustained potential oscillation in the synthetic multi-bilayer mem-branes occurred under the salt concentration gradient and that the oscillation was associated with the gel-liquid crystal phase transition ofthe membranes. Yoshikawa et al. ( 18) and Ishii et al. ( 19) showed that spontaneous potential oscillation occurred across a Langmuir-Blodgett film of dioleyllecithin when it was imposed between aqueous solutions of equimolar NaCl and KCl. They suggested that the potential oscillations were due to the repetitive phase transitions between the two membrane states with high and low resistances.
To obtain a better understanding ofthe mechanism by which the gel-liquid crystal phase transitions may induce the self-sustained oscillation ofthe membrane potential, we present a microscopic model ofthe system where two kinds of aqueous solutions are divided by a lipid bilayer membrane and investigate by the use of the model how the phase transition couples with the potential changes induced by the external chemical and electrical stimulations. The driving force of the phase transition is the repetitive adsorption and desorption of proton by the polar heads of acidic lipid molecules. The adsorption stabilizes the gel state and the desorption stabilizes the liquid crystal state. The membrane potential arising from the ion diffusion across the membrane is changed markedly with the phase transition, because the ion permeability is quite different between the gel and liquid crystal states. The repetition of proton adsorption and desorption is induced by the periodic reversal of the direction of protonic current in the membrane. The periodic reversal is brought about by the specific type of the phase transition of the bilayer membrane, in that the repetitive phase transition occurs only in one half of the bilayer and the other half stays in the gel state or the liquid crystal state.
The wave form of the potential oscillation is varied by changing the ionic concentrations in the solution region far from the membrane, temperature, or the applied electric current. Periodic, quasiperiodic, and chaotic oscillations appear especially, depending on the value of frequency of the applied alternating current.
THEORETICAL MODEL

Model for the lipid membrane system
We consider a model system in which a lipid bilayer membrane is in aqueous solution and divides the solution into two regions. The bilayers considered consist of neutral and acidic lipid molecules, where the acidic molecule has a net negative charge in the ionized state. The ion species considered in the aqueous solution regions are proton H +, hydroxide OH-, one kind ofalkaline ion M+, and one kind of halogen ion A-.
There exist three kinds of regions with respect to the ion distribution in the present system, as shown in Fig. 1: they are the bilayer membrane (-1 < x < 1), the bulk solutions (-L < x < -X and X < x < L), and the diffuse
(13) 13 13 FIGURE I Cross-sectional drawing of the present system of a lipid bilayer membrane dividing the solution into the two regions. Each solution consists of the bulk solution and the double-layer region. The electric potential 4 and ion concentration C, are shown for each region.
The numbers attached to X and C, denote the relevant equations in the text.
electric double-layer regions (-X < x < -land I < x < X) produced by the membrane surface charges. The potential gradient is produced in the double-layer regions by the surface charges, as shown in Fig. 1 . Because the effect of surface charges is screened by the double layer, the bulk solution regions are electrically neutral and the electric potential is almost constant there. The ions diffused in the bulk solution reach the membrane surface through the double layer and permeate into the lipid membrane region at the rate of the partition coefficient between the aqueous solution and the lipid membrane. We assume that the distribution of the negative charges on the membrane surfaces arising from the ionized lipid molecules is smoothed throughout the surfaces, because the lateral exchange period of the molecules ( -10-sS) is much shorter than the potential oscillation period (. I0 -3 s) (20) . Then, the ion distributions and, as a result, the potentials are uniform in a plane parallel to the membrane. We hereafter consider the spatial variation of the physical quantities only along the direction perpendicular to the membrane.
The membrane potential is defined as the potential difference between the two bulk solutions across the membrane. Then, the membrane potential Om is obtained by (1) as shown in Fig. 1 . Here, '1L and /R are the surface potentials at the left and right solution regions, respectively, and are produced by the membrane surface charges. The ion permeation through the membrane induces the transmembrane potential difference /d, and hereafter we call it the diffusion potetfial.
When the difference in the ion concentration between the left and right bulk solutions is maintained, the ions flow continuously across the membrane. Because the cat-ions are adsorbed on the ionized polar heads of acidic lipid, the cation flow modifies the surface charge density of the membrane. 
PE 4Ds u]'() CH(X, t)COH(X, t) = KW, (14) where Kw is the ion product of water. at the membrane surface (x = lx). The surface charges arise from the ionized polar heads (P-) of acidic lipid.
Because cations H + and M + are adsorbed on P-, we consider the adsorption and desorption processes, H + + P-= HP and M+ + P-MP. It is highly reasonable that the adsorption equilibrium is attained every moment during the potential oscillation, because the adsorption processes are much faster than the rate of potential variation. Assuming the Langmuir isotherm for the adsorption probability, we obtain ax (X = R, L) as -HFALMx
where ALM is the areal density of lipid molecules in the membrane, (x is the fraction of acidic lipids on the Xside half of the bilayer, and K, is the association constant (m3/mol) in the adsorption of ion v.
Description of conformation change of the membrane system
To study the effect of conformation change of lipid bilayer to the membrane potential, we choose the gelliquid crystal phase transition of the bilayer as a typical conformation change. In the phase transition, the hydrocarbon chains of lipid molecules change from an alltrans, rigid extended conformation in the gel phase to a highly degenerate rotational isomeric, shortened kinkcontaining conformation in the liquid crystal phase. The phase transition can be induced by the proton adsorption on the polar heads of acidic lipid, because the proton adsorption reduces the coulomb repulsion between the acidic lipid molecules and stabilizes the gel state, while the proton desorption stabilizes the liquid crystal state ( 13, 24, 25) . We describe the ion-induced phase transition based on the two-state model (26) (27) (28) , although various theoretical models have been presented for the description ofthe phase transition induced by the temperature variation (27, 29, 30) . We adopt this approach as a minimal model description, which may reproduce the essential parts of macroscopic features in the transition phenomena. There are some features ofthe membranes near the gel-liquid crystal phase transitions, such as lateral density fluctuations, that may not be well described by the minimal model. The effects of the features on the potential oscillations are discussed later. We assume, on the basis of the observed lacking of transbilayer coupling (31 ) , that the two lipid monolayers constituting a bilayer membrane undergo the phase transition independently. The assumption was adopted in most of the previous models, and the models well reproduced the essential features of the transition (27, 29) .
Each hydrocarbon chain of lipid molecules in the monolayer can exist in one of the two states, which are the all-trans or ground state G and the kink-containing or excited state E. The Gibbs free energy of the lipid monolayer is given by (26) (19) where the derivation of Eq. 19 and the meaning of w are given in Appendix C. The gel-liquid crystal phase transition is described by the order parameter a, which is defined as 1 =PG PE = I -2PE. (20) The gel and liquid crystal states correspond to n = 1 and -1, respectively. The value of q is determined by 
Because the time constant rpT of the gel-liquid crystal phase transition is extremely short compared with the period of potential oscillation, as shown in the next section, we can safely treat the membrane conformation as the stationary state, that is, dn/dt = 0. Then, n corresponds to the thermal equilibrium state determined so as to minimize the free energy F.
The equation aF/On = 0 has various kinds ofsolutions n depending on the value of the electric interaction strength w. The proton flux across the membrane changes the value of w, because w depends on the membrane surface charge, as shown in Appendix C. We describe briefly how the phase transition is induced through the variation of w. When w is within the region of(wo -Aw < w < w0 + Aw), the equation OF/an = 0 has simultaneously three solutions (nX, mu5 n7g), where 2Aw is the width of the critical region of w; n7 and n7g correspond to the liquid crystal and gel states, respectively; and n7 corresponds to the unstable state. The liquid crystal state is more stable, that is, F( n,) < F( ng), for w > w0; the gel state is more stable for w < w0; and the two states may coexist for w = w0, that is, F( nt) = F( ng). It has been shown experimentally that the phase transition induced by cation adsorption has a hysteresis, as does the thermally induced transition ( 13, 24, 25, 32) . Therefore, the value of w at which the phase transition occurs is shifted from w0. We assume that when w decreases and reaches w0 -yAw (0 < y < 1), the state (n) of the lipid monolayer changes abruptly from (37) (38) (39) (40) (41) (42) , and also from I0 5 to 10-9 m/s for H+/OH- (40, (43) (44) (45) (46) (47) (48) . The permeability of Cl -has been estimated to be 10-100 times the value for alkaline ions (38, 39) . It has been observed for proton (25) K+ is <1 M -' (5 1 ), we neglect the adsorption of M + on eters. To investigate the effect of the external condition, the ionized lipid molecules.
we change the value of T, C', and C" in the neigh-
The values ofparameters relevant to the conformation borhood of the standard values. We apply alternating change depend on the number Nc ofC -C bonds in the current as well as direct current to the system. The alterhydrocarbon chain, except for the lateral pressure P and nating current is given in the form of J0 sin (2irft).
the strength of intermolecular coulomb interaction w, Finally, we consider the value of the relaxation time where we adopt Nagle's (29) estimation for P and the TPT for the gel-liquid crystal phase transition as it appears estimation of w is shown in Appendix C. For EE -EG, in Eq. 21. Because the value has not been reported, we SE -SG, JGG, JGE, and JEE, we adopt the relevant esti-estimate it as the order of the time scales for the ultramation ofGeorgallas et al. (36) . The value of the paramsonic relaxation (> 1 us) (52) is shown in Fig. 2 
where (26) and lx is I for X = R and -l for X = L. Effect of electric current on the potential oscillation
The dependence ofthe oscillation period to on the external direct current J is shown in Fig. 9 with that of tg/to. The direction ofthe current for J > 0 is from the left-side solution to the right one, and that for J < 0 is reverse. Because the H+ flux has a tendency to follow the external current J, the H + concentration at the surface of the right half ofthe bilayer increases with Jin the case of Jf> 0, while it decreases with increasing JI in the case of J < 0. Therefore, to has a minimum and tg/to increases with J, as seen in Fig. 9 .
The temperature dependence of to is also changed by the external direct current J. We show the effect of J on the temperature dependence in Fig. 10 . There appears the different kind of potential oscillation under the application of J in the lower temperature region, as shown in the figure. The oscillation arises from the phase transition of the bilayer, during which the left half of the bilayer stays in the gel state, while it stays in the liquid crystal state in the higher temperature region, which corresponds to the standard case.
Finally, we show the effect of alternating electric current J( t) on the potential oscillation in Fig. 1 
DISCUSSION
The phenomenon of self-sustained potential oscillation has been actively investigated in biomembranes and artificial lipid membranes. It has been found for neural-excitable membranes that the state ofself-sustained oscillation of action potentials is induced by reducing the concentration ofdivalent ion in the external solution (55) or by increasing the pH of the internal solution (56) . The mechanism ofthe oscillation (spontaneous repetitive firing) has been well understood on the basis of the Hodgkin-Huxley equation (55, (57) (58) (59) (60) . The potential oscillations are due to the functions of voltage-dependent ion channels in the excitable membrane. Therefore, this mechanism is not applicable to the oscillations in the lipid membrane system without protein.
It has been shown that various types of artificial lipid membranes exhibit the self-sustained potential oscillations under suitable conditions. Many workers have The dependences of to and tg/ to on the external current J.
The direction of the current is from the left-side solution to the right one for J > 0. shown that the self-sustained potential oscillations occur in the system where the fine-pore membrane infiltrated with various kind of lipid molecules is placed between the two solutions, including the different concentrations of a salt or the different kinds of salts (61) (62) (63) (64) (65) . The two theoretical models have been proposed for the mechanism of the potential oscillations. Toko et al. (64, 66) have presented the model where the self-sustained oscillations are induced by the phase transitions among the three phases of lipid molecules in a pore: oil droplets, spherical micells, and multi-bilayer leaflets. The transitions are driven by the repetitive change of salt concentration in the relevant pore. Because the model is very specialized to treat the fine-pore membrane system, it is hardly applicable to the bilayer membrane system concerned here. Kawakubo (67) has proposed the model that is based on an autocatalytic mechanism for the adsorptive reaction at the gate ofeach pore. It is not applicable to the present problem either, because no kinds of conformation change have been considered in the model.
Since lipid bilayer membranes are a good model for biological membranes, many workers have studied the oscillations of membrane potentials in the systems composed of lipid bilayers. It is firmly supported by the following observed results that the self-sustained potential oscillations across a lipid bilayer membrane may occur by the mechanism proposed in this paper. Antonov et al. ( 16) ( 17) also have shown, using the porous memlrane impregnated with polymer multibilayer complexes, that a self-sustained potential oscillation is induced by adjusting the ionic concentrations in the solution regions. They demonstrated clearly, by comparing the thermal properties of the Millipore membrane impregnated with the synthetic bimolecular layers immobilized by polymer with those of simple aqueous dispersions of the immobilized bilayers, that the structure of polymer-bilayer complexes held by the pores was multi-bilayer and that the potential oscillations were associated with the gel-liquid crystal phase transition of the bilayers.
The observed oscillation patterns of electric potential and of ionic current across the bilayer membranes are qualitatively similar to the calculated patterns in the present model. The oscillation patterns may change diversely, depending on the various kinds of quantities, such as the relevant properties ofthe bilayer membranes, the sort of the ions in the solution regions, the type and magnitude of the ionic concentration gradient, and the number of the bilayers. Therefore, to reproduce reasonably the observed patterns, we need to calculate the oscillation patterns using the parameter values relevant to the observed systems. Pant and Rosenberg (68) have shown that the sustained, coupled electrical and mechanical oscillations are induced in a lipid bilayer system by adjusting the pHs ofthe two bathing solutions. It is highly possible that the origin ofthe mechanical oscillation with the same period as that ofthe potential oscillation comes from the repetitive phase transition of the membrane. Yoshikawa et al. (69) (65, 70) arose from the characteristic dependences of the structural phase transition of lipid molecules upon the compounds. This phenomenon is able to be simulated using our model ifwe assume the characteristic dependences of phase transition temperature Tc and the width of hysteresis -y.w upon the chemical stimuli.
It has been also observed, in some biological and biomimetic membranes, that external electric currents applied across the membrane may induce, modify, or reduce the potential oscillation, depending on their directions and magnitudes (18, 60, (71) (72) (73) (74) (75) (76, 77) . In this model, the quasiperiodic and chaotic oscillations also appear under the application of sinusoidal current across the membrane. The detailed study of the bifurcation scheme of oscillation period in the present system will be described in a forthcoming paper.
Finally, we consider the effects ofthe membrane properties, which have not been taken into account in this model, on the membrane potential oscillations. Recently Cruzeiro-Hansson and Mouritsen (78) showed by the computer simulation of the membrane properties based on the 10-state model (27) The boundary condition (Eq. A4) comes from the assumption that the electric potential is constant in the bulk solution, as mentioned in Appendix B. The condition (Eq. A5) arises from the application of the Gauss law to the membrane surface. We obtain the expressions of CO(x, t) and +(x, t) according to the Gouy-Chapman and Stern theories (22 To obtain the ion concentrations in the solution regions (-L < x < -1 and I < x < L in Fig. 1 ), we need to consider effects ofthe ion diffusion from the outside (x < -L and x > L) and of the negative charges fixed on the membrane surfaces (x = -1, 1). The range over which the fixed surface charges affect is quite small (S 10 nm) because of the Debye screening. To make the calculation tractable, we divide each solution region into two regions, the bulk solution region (X < xl < L) and the electric double-layer region (1.I x < X), as shown in Fig. 1 . Because X is chosen of such a value that it is enough larger than the Debye screening length XD, there is no direct effect ofthe membrane surface charges to the ion distribution in the bulk solution regions.
We consider the ion concentrations C'(x, t) in the regions of X < xl ' L. When the external electric current is not extremely large, it can be reasonably assumed that the charge distribution is neutral at any point and any time, that is, 1, zC'(x, t) = 0. Because the electric conductivity in the regions is much higher than that in the membrane, we neglect the voltage gradient due to the external current in the bulk solutions; that is, we assume that the potential 4(x) is constant over the regions, as shown in Fig. 1 The value of w is estimated by using Ep = 20EO, neff= 6, e = 1.6 x I0-9 C, and AG = 20.4 x 1016 cm2, and the result is 1.7 x 103kB. Therefore, we choose the value of w in the range of 5 x 102kB-5 X 103kB, as shown in Table 1 .
